Abstract: Biomass energy recently has received much attention due to its renewability and relatively low environment impact, both of which suggest it has good prospects as are placement for fossil fuels in the future. Furthermore, biomass gasification reduces problems associated with direct burning of biomass, and the producer gas from the gasification process can be utilised in various power generation systems. In this article, a biomass post-firing combined cycle is proposed and energy and exergy analyses are reported for 58
the cycle. The cycle energy and exergy efficiencies are both determined peak at specific compressor pressure ratio, and increasing the compressor pressure ratio reduces the mass of air per mass of steam in the cycle and, correspondingly, the gas turbine size. With increasing compressor pressure ratio and decreasing gas turbine inlet temperature, the quantity of natural gas required relative to biomass is observed to decrease, while the exergy loss and exergy destruction rates are seen to increase. Furthermore, as the gas inlet temperature to the heat recovery steam generator rises, the exergy destruction rate increases and the exergy loss rate decreases. The highest exergy efficiency is exhibited by the gas turbine and the lowest by the combustor and the condenser.
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Introduction
Biomass energy is a clean, renewable and relatively abundant resource, usable for electricity generation and other tasks. Biomass gasification can be used to transform solid fuels to more convenient fuels and many types of gasification systems exist. Much current global research related to biomass is focusing on converting biomass thermo chemically and/or biochemically to bio fuels and economic aspects of such systems, the sustainable utilisation of biomass via gasification, and risks associated with the technology (Heidenreich and Foscolo, 2015; Abuadala and Dincer, 2010; Al Kassir et al., 2010) . Several processes are needed to convert biomass to a fuel for power generation (Demirbas, 2001; Kopyscinski et al., 2010; McKendry, 2002) .
Many countries, particularly those dependent on fossil fuel imports, are striving to enhance the utilisation of renewable energy sources, in part to improve national energy security but also to mitigate environmental problems (Arbon, 2002) .
Investigations of the benefit of integrating biomass gasification with combined cycles have been reported for producing electricity and/or heat efficiently, with relatively little environmental impact and cost-effectively. Much research has been performed on biomass technologies, and biomass integrated gasification combined cycles for power generation have been identified as cost-effective, environmentally benign and safe (Consonni and Larson, 1996; Faaij et al., 1997) . Technological problems of such processes, such as inadequate efficiency, have been a concern in the scientific and business communities, but have been addressed in recent years by leveraging the environmental benefits and thermal performance of a gas-fired gas turbine cycle (Heidenreich and Foscolo, 2015; Klimantos et al., 2009; Park et al., 2014) .
Nonetheless, biomass fired power plants often exhibit relatively low efficiencies. Combined-cycle power generation using biomass fuel has been cited as potentially beneficial for efficiency and other reasons (Bhattacharya et al., 2011; Gnanapragasm et al., 2009; Kopyscinski et al., 2010; Rodrigues et al., 2003) . Also, biomass and natural gas can be co-fired advantageously for electricity generation in a combined cycle (Franco and Giannini, 2005; Soltani et al., 2013a) , providing fuel flexibility along with relatively high efficiency and low environmental impact. One such process is the biomass integrated post-firing combined cycle (BIPFCC), which offers significant potential benefits.
A BIPFCC integrated with a gasifier, which can co-fire gasified biomass and natural gas, is proposed and investigated here. This cycle is relatively simple and efficient, particularly because the gasified biomass in the post combustion chamber decreases fossil fuel usage in the cycle. The system appears to be mainly applicable for repowering of gas turbine based plants that have a high efficiency (40%) and a low exhaust temperature (440-480°C).
The investigation utilises exergy analysis, a useful technique for assessing and improving energy processes and systems (Dincer and Rosen, 2013) . The effects of varying significant design parameters on performance are assessed with parametric studies. The objective is to analyse and enhance understanding of BIPFCC performance.
BIPFCC description
A 300-MW BIPFCC is considered. For the BIPFCC considered here (Figure 1 ), the fuel is made up of biomass (wood) and natural gas. Co-firing fossil fuel and biomass in this manner can be beneficial because biomass and biomass-derived fuels have limits regarding system reliability and fuel flexibility, and because biomass-fired gas turbines usually cannot attain an adequately high turbine inlet temperature (TIT). In the BIPFCC, air exiting the compressor is input to a combustion chamber along with natural gas. The producer gas exiting the downdraft gasifier is input to the post-combustion unit, where it is combusted with the exhaust gases from the turbine. Exhaust gases from the post-combustion unit pass through a heat recovery steam generator (HRSG).
Analyses and assumptions
The processes within the BIPFCC are simulated using mass and energy conservation (Dincer and Rosen, 2013; Kotas, 1985; Moran et al., 2011; Szargut and Styrylska, 1964) and analysed for the two configurations. Performance equations for the compressor, the turbines, the combustion chamber, the post combustion chamber and the HRSG have been reported previously by the authors (Soltani et al., 2013b) . Chemical equilibrium has been examined for the gasification process and detailed analyses of gasification have been reported elsewhere (Soltani et al., 2013a; Zainal et al., 2001 ). The analysis method follows an earlier analysis by the authors of a BIPFCC with a different configuration (Soltani et al., 2013b ). An exergy analysis has been conducted considering the 'exergy of product' and the 'exergy of fuel' (Bejan et al., 1996) , expressions for which are given in Table 1 . Table 1 Expressions for exergy of fuel and exergy of product for components of a BIPFCC 
Several simplifying assumptions are invoked in the BIPFCC simulation and analyses:
• The biomass (dry wood) has a heating value (dry basis) of 449,568 kJ/kmol (Robert and Don, 1984) , a moisture content (mass basis) of 20%, and a gravimetric composition of 50% C, 6% H and 44% O.
• Air (21% oxygen and 79% nitrogen by volume) enters the compressor at atmospheric conditions (T 1 = 298 K and P 1 = 101.325 kPa).
• The isentropic efficiency is 0.87 for the compressor (η is,c ) (Datta et al., 2010) , 0.89 for the gas turbine (η is,GT ) (Datta et al., 2010) , 0.9 for the steam turbine (η is,ST ) (Franco and Giannini, 2005) and 0.8 for the pump (η is,pump ).
• The combustion chamber is adiabatic and exhibits a pressure drop of 1%, while the equivalence ratio for gasification is 0.4188.
• The maximum values in the steam cycle are 850 K for the steam temperature (T MAX, ST ) (Franco and Giannini, 2005) , 80 bar for the steam pressure (P MAX ) (Soltani et al., 2013a) , while the minimum steam quality (x out ) is 0.9, the condenser pressure is 0.08 bar and the HRSG pinch point temperature difference is 10 K.
Results and discussion
The proposed cycle is assessed thermodynamically. Additionally, a parametric study is performed for several important design parameters: compressor pressure ratio (r p ), gas turbine inlet temperature (TIT) and HRSG inlet gas temperature. These parameters are selected based on their importance in power plant designs, since they affect power plant performance significantly and are thus useful for engineers for designing the proposed biomass post firing combined cycle plant.
Exergy efficiencies are given in Figure 2 for the 300 MW BIPFCC and its components. The units in which chemical reaction occur (gasifier, combustor and post combustor) exhibit high irreversibilities and the low exergy efficiencies. The gas turbine has the highest exergy efficiency. 
Exergy efficiency %
The sensitivity is assessed of the biomass post-firing combined cycle to variations in significant technical operating parameters via parametric analyses. The variations with BIPFCC pressure ratio are shown in Figure 3 for energy efficiency and in Figure 4 for exergy efficiency, for several gas turbine inlet temperatures. Increasing the gas turbine inlet temperature raises the energy and efficiencies for all pressure ratios while, for a fixed turbine inlet temperature, the efficiencies rise and then decrease as pressure ratio increases, achieving a maximum at a specific pressure ratio. The variations in cycle energy and exergy efficiencies with HRSG inlet temperature (THRSG, IN) are illustrated for a gas turbine inlet temperature of 1400 K and a pressure ratio of 10 in Figure 5 , where both efficiencies are seen to decrease as THRSG, IN rises. The dependences of several flows to compressor pressure ratio and gas turbine inlet temperature are now examined. The variation with compressor pressure ratio of the mass flow rate of air per mass flow rate of steam in the cycle is shown for three values of TIT in Figure 6 , where the mass of air per mass of steam in the cycle is observed to decrease as pressure ratio increases. Changing the pressure ratio thus reduces the output of the gas-turbine cycle relative to the steam-turbine cycle, although the mass of air per mass of steam in the cycle increases as TIT increases, leading to larger gas turbine plant. Also, the variation of mass of natural gas per mass of biomass with compressor pressure ratio is shown in Figure 7 , where increasing TIT is observed to increases the mass of natural gas per mass of biomass. Also, the mass of natural gas per mass of biomass also decreases with compressor pressure ratio, in a more pronounced way at low values of r p . By reducing natural gas use at high compressor pressure ratios, this effect can be beneficial. The dependence of BIPFCC exergy loss and total exergy destruction rates, respectively, on compressor pressure ratio are shown in Figures 8 and 9 for several values of TIT. Both exergy loss and total exergy destruction rates to increase with decreasing TIT and increasing r p . Furthermore, the variations in BIPFCC exergy destruction and exergy loss rates with HRSG inlet temperature (THRSG, IN) are illustrated in Figure 10 for a gas turbine inlet temperature of 1,400 K and a pressure ratio of 10. Total exergy destruction and exergy loss rates are seen to increase and decrease, respectively, as THRSG, IN rises. The gasification results are validated by comparing them with experimental (Alauddin, 1996) and theoretical (Zainal et al., 2001) results from other studies (see Table 2 ). Reasonably good agreement is observed in all cases, although the agreement appears better with the theoretical data of Zainal et al. (2001) . Table 2 Comparison between model and experimental constituent breakdown (in %) for wood at 20% moisture content and a gasification temperature of 800°C
Constituent
Present model Experiment (Alauddin, 1996) Zainal equilibrium model (Zainal et al., 2001) 
Conclusions
Several significant conclusions can be drawn from the energy and exergy analyses of a BIPFCC:
• BIPFCC energy and exergy efficiencies are maximised for a specific value of the compressor pressure ratio, while these efficiencies decrease with increasing HRSG gas inlet temperature. Exergy loss and total exergy destruction rates both increase with decreasing the gas turbine inlet temperature and increasing the compressor pressure ratio, but total exergy loss and exergy destruction rates increase and decrease, respectively, as heat recovery steam generator gas inlet temperature rises.
• Increasing the BIPFCC compressor pressure ratio and decreasing the gas turbine inlet temperature reduces the mass flow rate of natural gas per mass flow rate of biomass, making the cycle more environmental benign. But increasing the BIPFCC compressor pressure ratio reduces the mass flow rate of air per mass flow rate of steam, making the steam turbine cycle larger. 
